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ABSTRACT

We have used a “two-way pseudo-testcross” mapping strategy in combination with the random amplified
polymorhic DNA (RAPD) assay to construct two moderate density genetic linkage maps for species of
Eucalyptus. In the cross between two heterozygous individuals many single-dose RAPD markers will be
heterozygous in one parent, null in the other and therefore segregate 1:1 in their F, progeny following
a testcross configuration. Meiosis and gametic segregation in each individual can be directly and efficiently
analyzed using RAPD markers. We screened 305 primers of arbitrary sequence, and selected 151 to amplify
a total of 558 markers. These markers were grouped at LOD 5.0, 8 = 0.25, resulting in the maternal
FEucalyptus grandis map having a total of 240 markers into 14 linkage groups (1552 cM) and the paternal
Eucalyptus urophylla map with 251 markers in 11 linkage groups (1101 cM) (n = 11 in Eucalyptus).
Framework maps ordered with a likelihood support =1000:1 were assembled covering 95% of the esti-
mated genome size in both individuals. Characterization of genome complexity of a sample of 48 mapped
random amplified polymorphic DNA (RAPD) markers indicate that 53% amplify from low copy regions.
These are the first reported high coverage linkage maps for any species of Eucalyptus and among the first
for any hardwood tree species. We propose the combined use of RAPD markers and the pseudo-testcross
configuration as a general strategy for the construction of single individual genetic linkage maps in
outbred forest trees as well as in any highly heterozygous sexually reproducing living organism. A survey
of the occurrence of RAPD markers in different individuals suggests that the pseudo-testcross/RAPD
mapping strategy should also be efficient at the intraspecific level and increasingly so with crosses of genetically
divergent individuals. The ability to quickly construct single-tree genetic linkage maps in any forest species
opens the way for a shift from the paradigm of a species index map to the heterodox proposal of constructing
several maps for individual trees of a population, therefore mitigating the problem of linkage equilibrium

between marker and trait loci for the application of marker assisted strategies in tree breeding.

HE genus Eucalyptus, family Myrtaceae, is native to
Australia and adjacent islands. It includes over 700
species of hardwood trees and shrubs (BOLAND et al.
1984) of which approximately 30 are grown throughout
the world for fiber and energy production. Due to their
fast growth and wide range of adaptability, eucalypts are
the most widely used species for plantation establish-
ment in tropical and subtropical regions of the world.
Today, they constitute the majority of the world’s exotic
hardwood forest and one of the world’s main sources of
biomass (ELDRIDGE et al. 1993).

In spite of its commercial importance and a worldwide
effort in breeding and propagation research, very little
effort has been devoted to the development and use of
molecular genetic markers for species of this genus.
Isozyme markers have been used for the study of mat-
ing systems in natural and exotic populations of
Eucalyptus (MORAN and BELL 1983; FripP et al. 1987;
SAMPSON et al. 1990; YEH et al. 1983). Isozymes are in-
expensive and technically accessible markers, how-
ever they are limited when a broader genome cover-
age is required.
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In the last decade, detailed linkage maps based on
restriction fragment length polymorphism (RFLP)
markers have been developed for 2 number of species
[see reviews by STUBER (1992) and GRATTAPAGLIA
(1994)]. To date only two studies analyzed RFLP pat-
terns in Eucalyptus: a phylogenetic analysis of chloro-
plast DNA (STEANE et al. 1991), and the development
and screening of a genomic library for RFLP probes
(WoLFF et al. 1993). RFLP analysis requires the “up
front” development of probe libraries and involves
Southern blot hybridization, procedures that are time
consuming and labor intensive. The advent of a polym-
erase chain reaction-based arbitrarily primed genetic as-
say called RAPD, arbitrarily primed polymerase chain
reaction (AP-PCR) or DNA amplification fingerprinting
(DAF) (WILLIAMS et al. 1990; WELSH and McCLELLAND
1990; CAETANO-ANOLLES et al. 1991), has provided an ex-
tremely efficient way to detect DNA polymorphisms and
generate large numbers of molecular markers for ge-
netic mapping and genomic fingerprinting applications
(TingeY and DeLTuro 1992). RAPD markers do not
require prior sequence information and can be viewed
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directly by agarose gel electrophoresis without the need
of specific probe libraries and radioisotope detection.
RAPD markers are therefore much more accessible to
the nonmolecular biologist than RFLPs.

In recent years, RAPD markers have allowed a signifi-
cant advance in the ability to generate linkage maps
quickly. Maps of RAPD markers were reported for
loblolly pine (GRATTAPAGLIA et al. 1991), white spruce
(TuLsIERAM et al. 1992), Arabidopsis (REITER et al. 1992),
apple (LAWSON et al. 1992) sugar cane (AL-JANABI et al.
1993), faba bean (TORRES et al. 1993), slash pine
(NELSON et al. 1993) and peach (CHAPARRO et al. 1994).
In Eucalyptus, RAPD markers have been used in genetic
analyses of individuals and populations including clone
fingerprinting, outcrossing rate estimation and phylo-
genetic relationship studies (GRATTAPAGLIA et al. 1992a).
In Eucalyptus, no reports of genetic linkage of morpho-
logical or isozyme markers are available. However, in the
last 2 years the construction of linkage maps of molecu-
lar markers has been undertaken for Eucalyptus grandis
and Eucalyptus urophylla (GRATTAPAGLIA and SEDEROFF
1992), Eucalyptus globulus (SONG and CuLLis 1992) and
Eucalyptus nitens (MORAN et al. 1992).

Most linkage maps in plants have been obtained from
segregating populations derived from crosses between
inbred lines. Such populations or even three-generation
pedigrees are generally not available in trees and are
difficult to obtain due to a significant genetic load and
time constraints. In spite of this obstacle, existing three-
generation outbred Pinus taeda and inbred Populus
pedigrees (DEVEY et al. 1991; BRADSHAW and STETTLER
1993) have been used as mapping populations. Alterna-
tively in conifers, haploid megagametophytes have allowed
the direct analysis of linkage in gametes and the construc-
tion of genetic maps (CONKLE 1981; GRATTAPAGLIA et al.
1991; TULSIERAM et al. 1992; NELSON et al. 1993). Avail-
able pedigrees for the majority of angiosperm outbred
tree species, including the eucalypts, generally involve
only two parents and their full-sibs, or maternal half-sib
families. To incorporate molecular marker assisted strat-
egies into forest tree breeding it is imperative to explore
alternative approaches for the construction of linkage
maps that make use of pedigree structures already ex-
isting and commonly generated in tree breeding pro-
grams. Particularly in the case of trees, genetic linkage
maps could prove a very powerful tool for accelerating
breeding through marker assisted selection and recom-
bination. Breeding programs of Eucalyptus species are
based on simple or reciprocal recurrent selection, in-
terspecific hybridization and, in some cases, clonal se-
lection and deployment. Linkage disequilibrium gen-
erated by hybridization coupled with the possibility of
capturing non additive genetic variance through clonal
propagation are conditions that would greatly enhance
the potential use of molecular marker assisted breeding
strategies in these species.

Here we report the genetic inheritance, segregation
and linkage of 558 single-dose RAPD markers for two
closely related species of Eucalyptus, E. grandis Hill ex
Maiden and E. urophylia S. T. Blake. We used a two-
generation interspecific pedigree to construct single-
tree genetic linkage maps using a two-way “pseudo-
testcross” mapping strategy. We propose this mapping
approach as a general strategy to generate single indi-
vidual linkage maps quickly for highly heterozygous or-
ganisms. These are the first reported genetic linkage
maps for Eucalyptus and among the first for any hard-
wood tree species.

MATERIALS AND METHODS

Plant material: A single controlled cross between two highly
heterozygous elite trees was selected for genetic mapping.
E. grandis (clone 44, Coffs Harbor provenance, Australia—
selection from a Zimbabwe seed source), used as the female
parent was crossed to E. urophylla (clone 28 selection from Rio
Claro land race, Brazil), used as male, in 1989 at Aracruz Flo-
restal S.A., Brazil. These two species belong to the same sub-
genus and section. They are easily crossed and their progeny
are fully fertile. A second controlled cross used in the study was
performed in the same year and location between a different
female parent, E. grandis (clone 816/2 Atherton provenance,
Australia) and the same E. urophylla male parent. Seeds ob-
tained from these crosses were surface sterilized and germi-
nated on solid agar containing halfstrength MS medium
(MURrAsHIGE and Sk00G 1962) under a 14-hr photoperiod. The
mapping population consisted of 62 F, individuals. This popu-
lation was immortalized by establishing clonal cultures of the
individuals by vegetative propagation in vitro on half-strength
MS medium supplemented with 0.005 mg/liter indol-butyric
acid to stimulate rooting of microcuttings.

DNA extraction: Total genomic DNA was isolated from
freeze dried adult leaf tissue of the parents and from fresh
leaves of in vitro plantlet progeny using the protocol of DoviE
and Dotk (1987), modified by the addition of 1% polyvi-
nylpyrrolidone and 1% 2-mercaptoethanol to the isolation
buffer. DNA concentration was estimated by gel electrophore-
sis comparing the fluorescence intensities of the ethidium bro-
mide stained samples to those of A DNA standards.

RAPD assay: Random 10-bp primers (kits OP-A through
OP-Z) were obtained from Operon Technologies Inc. (Ala-
meda, California). Amplification reactions (13 pl) were car-
ried out according to WILLIAMS ¢t al. (1990) with the following
modifications: 0.4 pM 10-base primer, 10 pg/pl non-acetylated
bovine serum albumin (New England Biolabs), 5-10 ng of
genomic DNA and 1 unit of Tag DNA polymerase. With a
genome size of 0.6 pg/1C (haploid genome DNA content)
(GratTAPAGLIA and BraDsHAW 1994) the amount of genomic
DNA used in a RAPD reaction corresponded to between 8,000
and 16,000 haploid genome equivalents. Amplifications were
performed in 96-well microtest plates using an MJ] Research
PT-100 thermal controller. RAPD products were analyzed by
electrophoresis in 1.5% or 2.0% agarose gels containing 0.2
pg/ml ethidium bromide. On a custom made gel tray a full
96-well plate was run on a single gel. Gels were photographed
under transmitted UV light using a MP4 Polaroid camera or
an Eagleye™ video imaging system (Stratagene) and printed
on 20 X 15-cm thermal paper. Gel scoring was performed
directly from the photographs or thermal prints.

Primer screening: A total of 305 10-base random primers
were screened against the two parents and a progeny sample
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of six individuals. RAPD fragments that are polymorphic be-
tween the two parents and segregate in the progeny can be
detected. With six individual progeny the probability of miss-
ing a polymorphic marker segregating 1:1 is 0.094. Twelve
primers were conveniently screened on one 96-well plate and
one gel. A total of 151 primers were selected during this step
based on the number of RAPD polymorphisms amplified, their
size and amplification intensity. Selected primers were used on
the mapping population.

Scoring of RAPD markers: Segregation of RAPD markers
in the mapping population was recorded in two independent
replications, each one with a different set of individuals. In the
first replicate the two parents and 30 progeny were assayed for
RAPD markers with all the selected primers. In a second rep-
licate, totally independent DNA extractions, reaction mixture
preparations, gel analysis and genotype scoring were per-
formed for another set of 32 progeny individuals. This pro-
cedure provided an internal control and an estimate of re-
peatability for all the scored markers. Markers that did not
amplify consistently or could not be scored reliably across the
two replicates were dropped from further analysis.

Segregating RAPD markers were identified by the manu-
facturer primer code corresponding to a particular 10-base
sequence, followed by a number indicating the fragment size
in base pairs. Fragment sizes were estimated using the software
SEQAID II (RHoADs and Roura 1990). Following the fragment
size, separated by a slash, a subjective score was given from 1
to 3 denoting the fragment amplification intensity, 3 being the
most intense. For example RAPD marker A11 980/3 corre-
sponds to a RAPD fragment amplified by Operon primer All
(corresponding to the sequence 5'-CAATCGCCGT-3'), with
size 980 bp, of high (score 3) amplification intensity. All the
scored RAPD fragments were sampled from the agarose gel by
gently stabbing the fluorescing band with a pipette tip and
rinsing the tip into 20 pl of sterile TE buffer (10 mm TrissHCI
and 0.2 mm EDTA). All samples were stored at —20° until
required for reamplification.

Characterization of genomic sequence complexity of RAPD
marker loci: Total genomic DNA was extracted from a bulked
leaf sample of individuals of the mapping population. In the
wells of a dot-blot apparatus, an appropriate amount of DNA
was denatured and vacuum transferred and cross-linked to a
nylon membrane. Membranes were cut into strip blots with
four contiguous dots containing 5, 0.5 and 0.05 pg of eucalypt
DNA and 5 pg of herring sperm DNA as a negative control.

Dot blots to be used as controls for comparative analysis
were prepared by performing a reconstruction experiment
where known picogram amounts of pure RAPD fragment cor-
responding to 1, 10, 100 and 1000 copies were immobilized
onto a membrane using 5.0 pg of herring sperm DNA as a
carrier following the same contiguous dot blot format. Control
blots were prepared for twelve different RAPD fragments vary-
ing in size from 300 to 1500 bp. A total of 48 RAPD fragments
corresponding to mapped marker loci were labeled and used
as probes on the dot blots to characterize the copy number of
their internal sequences. Control blots were simultaneously
probed with the corresponding fragment used in the recon-
struction experiment. To further confirm the results, two
RAPD fragments from each copy number class were then used
as probes on genomic SOUTHERN (1975) blots.

RAPD fragment hybridizations: RAPD fragments to be
used as hybridization probes were reamplified using the RAPD
assay conditions described. Template DNA for reamplification
consisted of a 3-pl volume of the 20-ul RAPD band sample.
Nonradioactive labeling of the probes was performed with
dUTP-digoxigenin according to manufacturer’s recommen-
dations (Boheringer Mannheim). Reamplified probes were

checked for single band purity on a minigel. Probe hybrid-
ization, washes and detection procedures were carried out fol-
lowing manufacturer recommendations using the chemilumi-
nescent substrate solution CSPD (Tropix Inc.).

Confirmation of RAPD marker inheritance, codominance
and presence in different individuals: Putative codominance
(size variation) of RAPD markers was investigated by DNA hy-
bridization of gel blots of RAPD products with the putative
codominant fragment used as probe. A subset of mapped
RAPD markers were surveyed for their presence and segrega-
tion in a different individual of E. grandis by analyzing the
second F, cross described previously. RAPD assay was carried
out on the two parents and 10 progeny for each one of the two
crosses. Confirmation of homology for RAPD markers of same
size was carried out through DNA hybridization, using the frag-
ment of interest as a probe. RAPD gels were blotted onto nylon
membranes and hybridized as described.

Segregation and linkage analysis of RAPD markers: Segre-
gating markers were scored for presence (1) or absence (2) of
the amplified RAPD band. The parental origin of the marker
was also recorded. Two separate data sets were obtained, one
for each parent. In the pseudo-testcross configuration markers
are present in one parent and absent in the other or vice versa,
and are expected to segregate 1:1 in the F, generation. A x? test
(a = 0.05) was performed to test the null hypothesis of 1:1 seg-
regation on all scored markers. Preliminary grouping was done
using a x* test for independence of segregation at a threshold of
15.00 (~LOD = 5.0; R. DOERGE, personal communication). The
linkage analysis was done using MAPMAKER (LANDER ¢t al. 1987).
The software program GMENDEL (Liu and Knapp 1990) was also
used during linkage analysis particularly for ordering linkage
groups. To allow the detection of linkage of RAPD markers in
repulsion phase the data set was duplicated and recoded. ALOD
score of 5.0 and maximum 6 = 0.25 were set as linkage thresholds
for grouping markers. Map distances in centimorgans were cal-
culated using Kosambi’s mapping function. Preliminary orders of
marker loci in each linkage group were established using a matrix
correlation method implemented by MAPMAKER. From this ini-
tial order, a subset of evenly spaced loci that could be ordered
with a likelihood ratio support =1000:1 established a framework
map. Error detection functions of MAPMAKER were employed
to check potential genotyping errors in the framework markers.
The final framework order obtained was then compared to the
order outputted for the same subset of marker loci by GMENDEL
that employs a simulated annealing algorithm. Markers that
could not be ordered with equal confidence were indicated as
accessory markers at an already specified locus on the map. Ge-
nome map sizes were estimated according to HULBERT et al. (1987)
taking into consideration only pairwise comparisons between
markers placed on the framework map.

RESULTS

Primer screening: In our standard conditions, RAPD
reactions amplified an average of 10.7 visible bands on
an ethidium bromide stained agarose gel. Primer
screening was efficiently carried out using both parents
and a sample of F| individuals (Figure 1). With this for-
mat, parental origin of the polymorphic loci as well as
their allelic state (homozygous or heterozygous) was di-
rectly inferred from the presence of the fragmentin one
parent, the absence in the other and at least one
presence/absence in the F, progeny sample. Of the 305
arbitrary primers screened, 57 (18.7%) did not yield any
amplified product, 50 (16.4%) did not detect any visible
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FIGURE 1.—Screening arbitrary 10-base primers (Operon
Technologies Inc., Alameda, California) for pseudo-testcross
marker configurations. Primers Y20 (A), Z11 (B) and R16 (C)
were used in RAPD assays with genomic DNA of the parents
E. grandis clone 44 and E. urophylla clone 28 (respectively,
lanes 1 and 2 of each panel) and a progeny sample of 10 F,
individuals. Segregating informative RAPD markers are indi-
cated by arrows; last lane on the left is a 1-kb DNA ladder size
standard (BRL) (a = 2036 bp; b = 1636 bp; ¢ = 1018 bp;
d = 506 bp; e = 396 bp).

sequence polymorphism in our particular cross and 198
(64.9%) uncovered at least one RAPD fragment poly-
morphism. From these 198 primers, a total of 151 were
selected, aiming at maximizing the number of scorable
markers per primer in the following mapping step. A
total of 558 RAPD markers were scored on the mapping
population, yielding an average of 3.69 markers/
selected primer or 1.82 markers/any arbitrary primer.
Similar ratios were recently reported for single-dose
RAPD polymorphisms in sugar cane (1.88) (SOBRAL and
HoNEycuTT 1993) and Stylosanthes (1.8) (KazaN et al.
1993). Although the majority (64.9%) of primers
screened detected at least one polymorphism, the
screening step essentially doubled the time efficiency
and halved the cost of data gathering in the mapping
phase.

Scoring of markers on the mapping population: Seg-
regation of a total of 558 RAPD markers was scored on
the mapping population (Figure 2). The numbers of

markers inherited from each parent were very similar:
272 from E. grandis and 286 from E. urophylla. RAPD
fragments sizes ranged from 207 to 3335 bp, with an
average of 979 * 570 bp for E. grandis and 910 * 521
bp for E. urophylla. The replicated design used (see
MATERIALS AND METHODS) throughout the mapping phase
yielded a repeatability estimate of 92.4%. From the 558
RAPD markers, 516 were fully repeatable in both rep-
licates while 42 were not, 20 from E. grandis and 22 from
E. urophylla. These markers either could be scored in
the first set of progeny and not in the second or vice
versa. With no exception, all of them were originally
classified as class 1 markers denoting low amplification
intensity and/or difficulty in scoring due to co-migrating
fragments. Such fragments were not considered in fur-
ther analysis.

Linkage analysis: Segregation ratios that departed
from the Mendelian expectation of 1:1 at & = 0.05 were
detected at 10 marker loci in E. grandis and 10 marker
loci in E. urophylla. No departure was detected at o =
0.01. These apparently distorted markers (denoted by
an asterisk following the marker identification) are clus-
tered on only 2 linkage groups in E. grandis (groups 6
and 7) but are scattered in 6 linkage groups in E. uro-
phylla (Figures 3 and 4). Note that at « = 0.05, con-
sidering a total of 500 marker loci, around 25 of these
are expected to display this behavior due to chance
alone. Therefore, at this point we have no reason to
suggest that such distortions have a biological basis.
Such an indication may be drawn from the examination
of a larger sample of meiosis. Furthermore, the parents
of the mapped trees would be necessary to study the
specific origin of the observed distortion, i.e., excess of
the allele of one grandparent vs. deficiency of the allele
from the other. Only markers that passed the single-
locus segregation test were initially used in the linkage
grouping analysis. Distorted markers were later placed
on the map by determining their most probable location
in an already established gene order.

Linkage relationships of the segregating markers were
established using both a x* test for independence of seg-
regation at a threshold value of 15.00 and by two-point
mapping (LOD 5.0 and maximum 6 = 0.25). Both link-
age analyses agreed very closely. Overall, linkages were
robust at a LOD score range from 4.0 to 6.0. In view of
the large number of markers, at lower LOD scores, es-
pecially below 4.0, occasional spurious linkages resulted
in the agglomeration of some linkage groups, while in-
creasing LOD scores beyond 6.00 would result in frag-
mentation of linkage groups. At LOD 5.0 the maternal
E. grandis map has a total of 240 markers into 14 linkage
groups and the paternal E. urophylla map 251 markers
in 11 linkage groups (Figures 3 and 4). Twelve markers
for E. grandis and 13 for E. urophylla remained un-
linked at LOD 5.0. Although they were linked at a lower
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FIGURE 2.—Genetic inheritance and segregation of pseudo-testcross RAPD markers in the mapping population using a repli-
cation format (see MATERIALS AND METHODS). In both panels the first and last lanes are 1-kb DNA ladder size standards (BRL) (a
= 2036 bp; b = 1018 bp; ¢ = 506 bp). (A) RAPD assays on the parents (second and third lanes) and 30 F, progeny (first replicate
format) using primer Y20; (B) 32 F, progeny (second replicate format) using primer Al1. Segregating RAPD markers are indicated

by arrows.

LOD (3.0), and higher 6 (0.35), they did not con-
tribute any significant additional information in terms
of genome coverage and therefore they were left out
of the final map versions. The proportion of unlinked
markers found (4.5%) is smaller than those reported
for other single-dose marker linkage mapping studies
[e.g., 10% in potato (GEBHARDT et al. 1989); 15.4% and
12.9% in sugar cane (AL-JANABI ef al. 1993; DASILVA
et al. 1993)].

Locus ordering and map construction: Both Eucalyp-
tus species have n = 11 chromosomes, and therefore 11
linkage groups were expected in each map. This expec-
tation was met for the E. urophylla map but not for the
E. grandis map. However, for E. grandis, lowering the
threshold LOD score to 4.0 and increasing 6 to 0.35
would result in the merging of three pairs of linkage
groups leading therefore to a correspondence between
number of linkage groups and number of chromo-
somes. The following mergers with the respective high-
est LOD score between markers on separate groups
would take place: groups 8 and 12 (LOD score 4.3 be-
tween markers N6_634/1 and K9 534/2); groups 11 and
13 (LOD score 4.4 between markers B6 759/1 and
X12.530/2); groups 1 and 6 (LOD score 4.05 between
V7.450/2 and L16_389/2) (Figure 3). In spite of the
possibility of merging some linkage groups to attain the

expected number of chromosomes, it was found more
appropriate to assemble both maps with the same sta-
tistical stringency allowing for more meaningful com-
parisons between maps. An excess of linkage groups in
relation to the haploid chromosome number has been
reported for other species [e.g., bean (NODARI et al.
1993); lettuce (KEesSELI et al. 1990)].

The linkage groups were constructed using markers
in both linkage phases. Markers on one linkage phase
are indicated with a “+” sign following the marker iden-
tification code, while markers on the alternative phase
are indicated with a “—" sign (Figures 3 and 4). Matrix
correlation was used to get a preliminary locus ordering.
Based on this first approximate order, a subset of can-
didate framework marker loci was selected spanning the
whole linkage group at distances varying between 5 and
20 cM. This selection was based on a sequence of criteria,
that by order of priority were as follows: (i) fragment
intensity of amplification score; (ii) ease of marker scor-
ing in view of co-migration of other fragments or smear-
ing that could lead to errors in genotyping (gel photo
was reviewed); (iii) number of missing data; (iv) size of
amplified fragment (below 2000 and above 300 bp).
Candidate framework markers selected were again or-
dered using matrix correlation. This linear order was
then tested by permutating all possible sets of three



D. Grattapaglia and R. Sederoff

1126

€055 S2
98 420001 V1, _
0'0' €295 0IV [~ *E/5E9 OIVY
0 040N L id = Y2/IETIZID |
+HI9STSIN -~
§C 02V LA +1980 TN
0°0 440061 0N —_—
¥ e-1mL 9 -
r vz ay) 08l 5o
§ | 42RBLSIN —_—
¥ ¢ Wil ay _
00 42000171 | €/009 S1X
69 2000 SIN —
6 228901 -
g 219709z gH| “HOOPL 91A
6 111 -200817 L},
+2ULO8TIN
00! -2085"LX -
e c-1oest gm| YHO0SH v
+LSK T LX
2SIHI0EY EIH +TBSL TN
~TOS8TEA
S dNOYd

o8l

L

(-3 4

SHE

St

oL

€9l

S€t

ori

v

8t}

“TBTY SIN
SUOSLCYA

s

£y _
oo canal  + YOI N
e

+T90L) 0TV

+UIOFL SN

+ZRYELT I

“ZOTLTIX

+ 200LT 0%

+ 70087 61N

- €/0001 02y

¥ dNOUY

(M4

a'el

rzi

59

28

€

il

8'se

€el

9'6

- 20084 kid

00! +208L1 PX = +2/0881 ¥X

“Z09ILELD

71 T
LY UOLLEA

o u:aa.m_mT senzeir

- UYOE BIN

-Le9Eir

€ 92 -HEe02 2=+ WOYE LIA

-2M008 L0

€ §420221 SIAF- 1009 SN
6 1 +1/099 17024 b—+ 205817 0IN
WL y

+ip5s 8N

TIVT

0°0' £/004178H — /092 0ZA
- e0eT Ml
+2025 2

¥ 114100077 hd - €008 8L —f

€ dNOHO

>3]

§'9

e

s

SL

(-1

o5l

66

L34

CA
1

+ SR80

6 1 -U50800 -
verovseaf +R/00TL T

§ 6 HeeeE L] +e/008 €Y
LV eeesIn
L' 1+ 20072} + yosei ed
L1 2y o0
L1 4118SZLD
- wosel s1e

-009T €X

+UNL$
L8105y 81N - 2004 417

+ £/000470ZN

9 € HBEL N+ ZO0ST8LN

¢ dNOHdO

€6l

66t

e

e

o'st

98

[%:1}

oL

Y

S0l

- yees YN —]
€ £ 10021 LN}~ 208w L2 L

+ 200018~
- 20OV CIH ~
- 0sY LA —

€€ 6069 7EZ |-+ TOSE GIA i
+W09E} M —

#0501 SIX —

£ 81 UL 219
GOy EAL 4 cropggin —

¥ 12081 LY
+0L978Y L

 — meme— e S — — e ]

4

;

rULeSe

+ 0TI 0TA

-HI0LE O —

e

8 K-oey -
o0 zmeazl TOTETIX ~

-uoisTsre

|

ﬁ

+U0STL0Ld

I JNOHYD

s

cEL

g

gt

e

6's

et

o6l

el

86

104

104

ce
ol



1127

Eucalyptus Genetic Maps

+ €008 11X

0'0 Z00L SIAF-+ ZOWL S HA

+ £/05502A
“TOLELV TR

+ 185090

“HIBLL bR
- UOUS EIN

9 €1+ S0SHCID-- eOLELELD

LL dNOHY

UNLTIZ

+200¢1"6Y

+ TOEY 9N

S

0" L1 +Lsey 9)

7 evass v TWAOT TN

UYL

0l dNOUO

€92

€01

(%]

374

8%
124
'8

€9z

(4]

L3-8

g2

ree

1
-U008L T EA —4-
€ L HURTLIC
8 ) 2L o6l
L'} 45/0SE1EA -
§¢ ! -000L A
SEUTBAL spnegeN
9 €1 +208 X vi
e L9z eIN| - nee1 a1z
LA e
0'0 OB EX}L 4028794
5¢ ....SS?B_. [—7)
& 1120028 - +60894 €N o5
9°€ 2028 €N - -_
relpysoix| tEOELE 0N
—_— CEZ
+ 1/eZ9 ¥4
Zl dNOHO
_ 1
-0 LY
— 9721
-Hsez 91
— 86
004200417 1Z -z 0L
—
+ 20597 8X .
9 £ -Z/08L LN _ — 9
g |+ v eql - WOes Obd
€6
+ UOYS CIN
— 1'5}
- U0S9SIA
— YT
+ 0081 L2
"
6 dNOYD

+€A0YS ELD
-€/0.6 71D
+ 20t ey

+ Z0Ve 0ZM

+2/0ESZIX

00 +ZM91Z CINF -Z/09% 61d

€l dNoH

+1/SECS N

+ULIBL EIN

~WRLSTIY

02 /007 6iNf-+ €/0ve 0LY

0052 LIA-+ &5 1S™Z1A

+ 6085 91A

+ME9 N

~H00ST ¥id

8 dNoU

(4]

L0

S0L

Lee

8’0t

g'Le

(34}

89

§'9

St

oee

L &44

“st1aise e £q paresrpur st ‘ones uonedaa8as 1] woy
uonIoIsIp JuRdHIUSIs SUIMOYS SNDO[ INIRW (JIVY V ' (SAOHLIW ANV STVINALVI 335) {— 10 +) aseyd adeyurj pue Aisusiut uonesyrdure juswdery ‘sired aseq ui azis jusw ey ‘opod
soud uorado a1 Aq PaynUIPI aI€ O] INIeUE IV "SNO0[ JIOMIWEIJ 153s0[0> Y1 01 2oueysip WO eunxordde oy yam Suoe sdnoa a8eyuy s jo 1ySu a1 uo paisy sue
PUE SIIBW AI0S5920€ SE poreudisap aIoM 20UIpyuod [enbs yim paIsplo aq 10U PNoOd 1Y) O] INIEW (VY "9z dwoudd pajewrnss oy Jo %8 Ge mzto%wu Po[quuasse sem
1:0001== 110ddns pooyrayi e yiwm pasapio ag pnod ey (sdnoid a8exurl ayp Suore s10119] ploq ut parestpur) sI2Isnd 120] 10 O] g§ | Jo dewl YIOMIWRY ¥ ‘G0 = ¢ WnurKEw
pue ("G 21028 (IO)T PIOYSIY1 € 1e Paysi[qelsa a1am sdnoid aSeyur] $1 ut s1oyIew IV 0% Jo sdiysuonear adequr] ‘b suod sipuvsd 7 yo dew afeyquy snsusg—-g¢ mnol

+eze9 61V
— 951
+1BIESN
+ 80631 0% =— €2
- — 0L
e — S
<08y 21N
— L
- 2/08¢T8A
¥l dNOHO
"
+1S801"ZIN
— 1'S2
+EES CIN
— L'}
+ Hove G1A —4-
— 88
R, Bundi b | S
0's:-e00si0in|  co08Tex —H-
VSN I -
¥ €146/0067S0) _ -
8% 14¢/0007cd - HO0EL 812 —H-
- — G
0s-oeied] .
£ glegney-onl— TR8Led -
4oL SINE +2oszs Tix—H-
V6 1160287 LY - — 8¢
+6 124000671 LY[ "TOS9L B —11-
SO 0-VELITLY — 78
+0°0 410011704, o
seiooa o THEY B0
8°54-2020°LIX .
0040014 LH —_— Ll
- 201670ZA
— L)
+£/080174X
-
4 dNOHO

(o) 81n90) AKX

)4 wol eoueisig

aBwyul Jo eseyd snooy AdvH
Asuetu) Juewbey advd
(da) ezjs JuswBey gdvy
epoo Jewd Qdvy
{uopouny s Jquresoyy)
(o) eoumsip dew

0L -1BLSLPIN - -€/0€9 PN

— rS2
'S i-Lore i IH+ er00eTRiZ
—_— L)
“tmesLsr
— e
Lol U.SS.E_. _
§ 001082 LIA]® SRTEL IN ——33=
2 81 46001Z 1A .
104200017 LX —— €81
a.cT%anp;
€8 +2MET LIV, .
Lo Hirigyiy| T Y0ee e
89:-2001i76N o
o€ - Lo 02N —
. .nu&aﬂno{—lgn 9 —- "
+1516 98 ——4i-
— 1L
-£0092 04d
00 +208e 011 vi
€S -0EIZIM
oF'S 12000 SO +HIVETBN
«5EI4USIETRd o8

oetasee|  sepes ey

9 dNOUS



D. Grattapaglia and R. Sederoff

1128

<oseL"utr
— e
-WLeTIe
¥'5! 42000702 — 5o
0°0'5/00, 91 .
00" 2Re9 814~ 008 0N e
€ 812062 SAl- - OLY SIY
—z8
- 801N
— o5t

T 14291701V} +Lm08170MZ

S £ 192028
L0 NI +0orE TN~
£14208Y L0k +z/9zy LIN

— 1
[— 2¢

§ €L 00 ZOLT SIN ~
L9 T09SIX |-+ cl0es ZHZ

ﬁ.l St
[1-— 2¢

~ WOLS sy

— TGL

¥ dNOUD

n
-Z08L 0
_ — L9
MEIs o
reear il emen -
S € 410001 BIA © !
£ 4 B0eneX N — €6
61 1200a78IN] +2005 LY o
L1 EATSY o — &
U1 - ey SN sk 28 sy
L 11¥CR00ZING 100862 - zs
£ 0L -2009 2iX}—+ ZReLL L8
— 02
L 84410081 7€X -
s e g WOBIE T
— 922
+ TR IN
—_— 151
i — §'9
T S ATESIX + 208V VI
—
ST IX
u
€dnoud

OL1:+ 200 Hk-+ sRYEL 8

+ LTI <4
-TMLLPIN

—_— 9l

[ —— st

LT 0Ty

— 6L

9 8 VRSV L

—_— L9

IV et ity| »
0 N kel
°.°_¢§l
001 :-zosoi giny [| *HEIVE IV oy
0012065 SIN tois sa -/ ¥
€ SIHASL Xk -g/Le070RT fn-\ i

9812002 Hl L eone—en —— 67
“owg ~

? o aeson +TRTY Lir 3= o
05t s N[ SIS VIN ) o
gLzosn L] - TOLETSA

ALK on — 9
&) RstLTL ez

9142819

LS

o0 ) -200T ey —_—t%
12 HOPLZIXE - SAOL0LTOLN

ZdnoUY

+ 2004 $X
— e
- w08 L
1
+ZES 0ZM
— 91
+TUIve O
_ — 0L
~10T 90 ~ A1 P
S 3L SN | Bl ze
s+ sd ~J=—" Pl
1 21046 0% |-- 20081 6) -
p—— 1
0°0 42058 L0 -+ $0013720
—_— k)
+1/0081 "
— 8
08T,
t X £ -
+CR08"t10
— 8L
69 -0 -
ye'anzzl SROL SIX
| dNOHD



1129

Eucalyptus Genetic Maps

J
8 9:4L0SH L +100827 20X
— 852
£} 420821 EX -
T LRy 8—. €099 LM
pu—¥ 1
T UNSIEIND | A rs
1 vzpog-ziml™ + 2004710
— 00
T LTI TOAP + ULY TV
— 98
FEIBIS VI -TBL IN
.
6 dNOYY
_ 1
/062 I
— 252
1 6i-a0ssiL1Z| * VeS8
TS +108Y N — B0}
00402871t _
0' 042025 ! k *ULLY ™R .
0°0:+20901 17| +10087L1X
€8’ 1e0eY sid
—_ 0
+EBY SIN | )
ool 1z —H—
— 551
1-208Y7020 _
o.o:«a:.oz_..-»ae: TA [

8dNoyYd

+ZRTOL VIN

- 0SL1 et

“TILTOLYN

- /0804 0ZN
+ C/LOC CIN

+S/8TZL ZTIN

=

Ol dNOYD

oozt i ~3H-

841 420LLI VO +£/9901 I

+Z0197 61X
-8 91 A 4L
. TN -
€8I LN
W8 L1+ Z008LN
V8 IHRSPL LA -
¥ € 4251 SIN _
0§ CRLOUYINI- + TN 612
€ 84200 LIN] + Zoo0z)~ ——
€6 082l LIM 1 0TA
€ § 20571 BM| _ -
-S0Y0L LY

9L *+e002 | Id- -zeeeTY

of* L1-LOZE OAl- -2095 " 8bd

L8 ERELLX| oML M
9 855/28 11D

£ 08 42/087ND _

6 01 428151 2N TOLL 1d

00 +IA0Y SIN
1'€1 10851 0ZMI=- 1OSSL 8IN

1dNOHD

98

oLl

€6
er
S'L

't
ee

g'e
(4

L'91

6y

I8

ze

S

6L

oti

e

LR .
L9181 W
§ € -28ee 0N -
&5 vzeye 2a /0901 68
ot “HYWPLTO ~N]
0042908 W M
0'0° €008 8IN +H£H0C SO~
¥ £ €0001"11Z1— - s od
¥ € -Z00rL SIN +201578d

T LZON INE +iey TN

*YsLI2)SE Ue Aq pajesipur st ‘ones uonedsudos [ woyy
uonJoisip JuedygruSs Suwmoys snooy JaIew (VY V *{STOHLIN ANV STVIIZLVI 93s) (— 10 +) aseyd s8eyury pue Asunut uonesyduwe yuswSey ‘sared aseq ur szis yuswdeyy ‘opod
1ownd uosado ayy £q paynuapt s1e PO IPYIEW JIVY "SNOO0] YIOMIUIEI] 1SISO[D 21 01 durISIp 2 Newrxoxdde a1p ypim Suofe sdnoid aSequry oy Jo 1ySu oY1 uo paisy aue
pue sioyrews L1053 se PIJRUSISOP 2I9M IDUIPJUO0d fenba M Paaplo 3q 10U PNod 1Byl 120] IaIewl (VY "9ZIs SWouad pajewns? 3yl JO 9,g'Ge SULIDA0D PI[qUIIsSE sem
1:000 L= 11oddns pooyray € am palapio aq pmod 1eyl (sdnoid a8eyur] a) Suore $12719] ploq UL ParedIpur) sIISN|I 1D0] 0 190] 61 [ JO deul YIomawrey y "Gz () = g WNWIXeW pue
0°G 21038 (JO'T PIOYS2I1 € 1 paysiqeisd a1om sdnoid a8eyuy 1 ur szorew vy 163 Jo sdiysuonear afequry gz auop vpdydosn -3 Jo dew a8exqury onsusny—p manolg

T~ 8'C
= (4]

e
et 2 4

T
L0V LA
s
Lt dNOYD
a
R
£ 0L 42080 VL d wir x
98-80 ¥
GBI .
¥ 1 608 £l ~——~ 02
L 14500811
€ €208 1Z _
£ € 4208571 *Losy o
00’ 2008751 az1
0'0 €089 €2 -
0oLty .
L1 20 LM :S.-H«i -8
L1E-LOOLV ELA /965 00N < 1]
L L9 NS ) -8t ez otk
s LAl
00! €9 LV .«nnﬂuw-u /At
0°0: eI LN A o
c p) Lo g1 59"
T_ 0987 0X
TLI41R001720 —_ ot
'€ 411000 DX}~ 0S8 0
§ S +L/20 Bl —_t
o 12 x| *z0eL TIM
—_r
RVivy
"
8dNOUD

(o) SNnoo| Yomeure) Woy eouelsi]

abeju) jo eseyd $noo| Gdvy
Aysusiul uewbey gdvy
(dq) 8zis wewbey advy
6poo Jewnd Qdvy
(uonoun; s,1quresoy)
{Wo) eoueisip dep
0.0 :4c0ni r 1
o0 S N
00 €K OIN - WO0S 8L
0 o..ogncl pu—— )
oomo..Sa. oy 2/08€ X (24
- . - Thoe —
0' S +100V 02 s p—
€620 Ty I o8
0°0° 2029 021 - —
oo!vgoesioi] M08 EHL .
L' 1200 - 80S¢L 1id — 86
L1 4182V EH +T0IE0IZ ol
o 12U 8 —+ 200V 11Z I.%“ 9l
6 3
0°0° +20087SH — g
%?_S.EE_.“" -wosviTez —H-
¥ € -2/0081 Gl
LVERmY,
& 110081711, — G2
1" 0€  +1/0001 79}
R
- Z0R0Z 91N
— gl
+ LSy —t-
— g6
+enze Tl —H4-
V'S 42082 2) - [
¥ ¢ +10ig el SA%0L tid
e
S dNoHH



1130 D. Grattapaglia and R. Sederoff

adjacent markers. A final framework order was accepted
when the log-likelihood difference between the initial
order and all the alternative local permutations was at
least —3.0. Therefore, the framework map orders pre-
sented are approximately 1000 times more likely than
the next best orders. When local differences of less than
—3.0 were observed additional markers were excluded
from the framework at the regions of ambiguous order-
ing, and the analyses performed again. Generally after
one or two such iterations, a final order was attained.
This final framework order was then compared to the
order obtained by simulated annealing implemented by
GMENDEL. With the exception of a few two-marker or-
der permutations the framework orders obtained were
the same. Segments of the framework where order am-
biguities still persisted, were analyzed using error de-
tection functions of MAPMAKER 3.0 that display po-
tential genotyping errors. Gel photos were re-checked
for potential scoring errors. In the few instances where
the data point was dubious, it was treated as missing data
and the ordering analysis performed again.

Markers that could not be placed on the map with a
1000:1 odds were designated as accessory markers and
were positioned on the map in relation to the closest
framework marker. Their most likely position was ob-
tained by looking for the framework locus that displayed
the highest LOD score and lowest two-point 6, or alter-
natively by looking for the interval with log-likelihood
closest to zero. Accessory markers are listed on the right
of linkage groups (Figures 3 and 4).

Clustering of markers seems to occur throughout
both linkage maps, particularly in E. urophylia that dis-
plays large clusters on groups 2, 5 and 6. However no
formal test for clustering was carried out. Clustering is
a common occurrence and has been reported in essen-
tially all relatively dense linkage maps constructed to
date irrespective of the organism or technique used to
assay DNA polymorphisms: RFLP in tomato (TANKSLEY
et al. 1992) and common bean (VALLEJOS ef al. 1992);
RAPD in Arabidopsis (REITER et al. 1992) or microsat-
ellites in humans (WEISSENBACH et al. 1992). Clustering
of markers could be an artifact resulting from the lim-
ited resolution of our mapping population. For ex-
ample, while the Arabidopsis map by REITER ef al. (1992)
displayed clustering, the integrated map based on larger
populations reported by HAUGE et al. (1993) did not.
Alternatively, clustering might have a biological basis re-
flecting suppressed genetic recombination in hetero-
chromatin around the centromeres and/or in telomeric
regions as discussed by TANKSLEY et al. (1992) following
studies on the correlation of genetic and physical struc-
ture in the tomato genome (SEGAL et al. 1992). As Ara-
bidopsis has a comparatively much smaller proportion
of repetitive DNA than Eucalyptus, tomato and humans,
less clustering may be expected a priori if clustering is

due to restricted recombination in regions rich in re-
petitive DNA.

The great majority of the accessory markers are within
5 cM of the nearest framework marker. It is likely that
their ordering ambiguity results largely from the rela-
tively small recombinational distance estimated from a
limited number of meioses analyzed. With 62 meioses,
the standard error on a recombination fraction of 0.05
is approximately 0.03. However we also observed that
25% of the accessory markers (22 in 88 for E. grandis)
and 18.5% (25 of 135 in E. urophylla) were at distances
greater than 6 ¢cM (6 ~ 0.05) and could still not be
placed in the framework. The ambiguity in the place-
ment of these markers might be the result of missing
data or to errors in genotyping. The overall fraction of
missing data points including both data sets was 8.3%.
For the framework markers only, this fraction was 4.5%.
In our experimental conditions, a genotyping error rate
=3% was estimated, varying with the RAPD fragment
amplification intensity.

Linkage map statistics, estimates of genome size and
coverage: Approximately 59% of the markers for E.
grandis could be placed on the framework defining a
total of 142 loci or loci clusters and 1551 cM of total map
distance. For E. urophylla 47% of the markers could be
placed on a framework of 119 loci or loci clusters cov-
ering 1101 cM (Figures 3 and 4). Linkage groups were
numbered sequentially from the longest to the shortest.
For E. grandis the average size of linkage groups was
110 = 35 cM and the range from 41.6 to 156.9 cM. For
E. urophylla the average size was 99 = 32 cM and the
range from 46.7 to 141 ¢cM. The total number of markers
per linkage group (framework and accessory) varied
from 6 (group 14) to 30 (group 5) for £. grandis, and
from 6 (group 11) to 39 (group 6) for E. urophylla. The
average distance between two framework markers was
12.2 = 6.3 cM for E. grandis and 10.2 * 6.6 cM for
E. urophylla. Both maps have a density of 27 cM, which
corresponds approximately to a recombination fraction
of 0.25 i.e., no interval between two markers is greater
than 27 cM.

Total genome size was estimated for both parents
using the method of HULBERT et al. (1987), as described
by VALLEJOS ¢f al. (1992). Only framework markers were
used in this procedure to avoid an overestimate of ge-
nome coverage. For E. grandis, the maternal parent, a
total map distance of 1620 cM was estimated, of which
1552, i.e., 95.8% were covered by the framework map.
For E. urophylla, the paternal parent, the total map dis-
tance estimated was 1156 cM, of which 1101 cM, i.e.,
95.2%, were covered. A reasonably equivalent genome
coverage in both species and sexes was therefore
achieved with the pseudo-testcross mapping strategy.
Given the estimated total map distances and genome
sizes of 641 and 646 Mbp/1C (GRATTAPAGLIA and
BraDsHAW 1994), the average physical equivalent of 1 cM
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FIGURE 5.—Sequence homology tests of RAPD markers. Pan-
els show the RAPD gel profiles and the corresponding auto-
radiograms where the indicated RAPD fragments were used as
hybridization probes under high stringency to confirm RAPD
fragment homology within the parents/progeny set. RAPD as-
says were performed with genomic DNA of the parents E. gran-
dis clone 44 and E. urophylla clone 28 (respectively second
and third lanes of each panel) and a progeny sample of 10 F,
individuals. Segregating informative RAPD markers are indi-
cated by arrows. First lane of gel profiles are 1-kb DNA ladder
size standards (BRL) (a = 1018 bp; b = 506 bp). (A) Confir-
mation of allelism between RAPD fragments G14 917, G14 927
and G14_960 amplified in the two parents (see RESULTS for de-
tails). (B) Confirmation of homology of a RAPD marker locus
(G2.720/3) heterozygous in both parents and therefore seg-
regating 3:1 in the F| progeny.

would correspond to 395 and 559 kbp, respectively, for
E. grandis and E. urophylla.

Confirmation of inheritance and segregation of
RAPD markers: The inheritance of segregating RAPD
markers from both parents following the pseudo-
testcross configuration was confirmed by DNA hybrid-
ization experiments (Figures 5 and 6). A case of allelism
between RAPD fragments in the two parents was tested
and confirmed using DNA hybridization. In E. grandis,
the RAPD marker G14.927/3 is present in one allelic
form with a fragment size of 927 bp. In E. urophylla, the
same marker is present in two allelic forms: a 917-bp and
a960-bp fragment. In the F, a 1:1 segregation is observed
for the heterozygote 917/927 (lanes 4, 5 and 9) bp wvs.
the heterozygote 960/927 bp (lanes 6-8 and 10-13).
The hypothesized allelism between the three bands in
the two parents, was confirmed by probing the RAPD gel
blot with the 927-bp RAPD fragment from E. grandis,
and detecting signal in all three bands (Figure 5, panel
A). The same principle was used to confirm the homol-
ogy of markers that segregated 3:1. Both parents showed
bands of equivalent size, and the progeny showed a seg-

fgiled gseere i G A Sk A

FIGURE 6.—Survey of the occurrence of RAPD markers in
different individuals of E. grandis. Panels show the RAPD gel
profiles and the corresponding autoradiograms where the in-
dicated RAPD fragments were used as hybridization probes
under high stringency to confirm RAPD fragment homology.
RAPD assay was performed on genomic DNA of two sets of
parents and 10 F1 progeny each. Lanes from left to right:
E. grandis clone 44, E. urophylla clone 28; 10 F, progeny; 1-kb
DNA ladder size standard (BRL) (letter a on the far left in-
dicates the position of the 1018-bp standard), E. grandis clone
816/2, E. urophylla clone 28, 10 F, progeny. (A) RAPD marker
N15_1079 present in clone 44 and not in clone 816/2.
(B) RAPD marker M5 961 present in both E. grandis clones
in a heterozygous state thus segregating 1:1 in both crosses.
(C) Confirmation of codominance of marker pair A11_980/
Al11.920. The hybridization experiment also shows that this
RAPD marker is also present in clone 816/2 in a heterozygous
state with the 980-bp allele and a third size-variant allele,
A11.970. This marker locus therefore segregates in both
crosses in a codominant fashion, with one allele in common
between the crosses.

regation ratio that fit a 3:1. DNA hybridization of the
RAPD gel blot with a fragment from one of the parents
confirmed the hypothesis (Figure 5, panel B). A total of
11 markers were found in this configuration, i.e.,
presentin both parentsin a heterozygous state therefore
segregating 3:1 in the progeny. In principle, such mark-
ers could be helpful to define homologies between link-
age groups in the two maps. We attempted to do this
using GMENDEL that analyzes mixtures of segregation
ratios (1:1 and 3:1). Although a few linkages were found
atrelaxed thresholds, no reliable map position could be
established with our sample size. We estimated that the
mean amount of information (ALLARD 1956) supplied by
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a single individual for such mixture of mating configu-
rations is only ¥4 (at 8 = 0.05) and 1/3 (8 = 0.25) of the
information in the backcross. Therefore to achieve ad-
equate power to estimate linkage in this case, a larger
sample size is necessary. Fully informative codominant
markers such as microsatellites, RFLPs or isozymes
would be highly desirable for this task.

Codominant (size-variant) RAPD markers: Although
rare, codominant (size-variant) RAPD markers were
found on both maps. Codominant RAPD markers can
result from small insertions or deletions between prim-
ing sites (WILLIAMS et al. 1992). Codominant RAPDs
were initially hypothesized from the following observa-
tion: (1) both allelic fragments are present in the same
parent and are amplified with the same primer; (2) F,
individuals receive either one or the other allele, i.e., the
two RAPD fragments are in repulsion, and (3) no re-
combinant genotypes are observed in the F,, i.e., no
individuals with both fragments or null for both frag-
ments. In E. grandis four marker pairs fit these obser-
vations: A10_635/562 (group 5); A11_980/920 (group
7);Y17_525/515 (group 8); Y15_760/740 (group 11).In
E. urophylla also four pairs were found : U7_1100/850
(group 3); Y20_400/390 (group 5) U13_350/320 (group
5); Z11_550/480 (group 6). DNA hybridization experi-
ments confirmed the codominance of such sets of mark-
ers (Figure 6, panel C). Several pairs of RAPD markers
were observed that satisfied all the observations outlined
above except that the two fragments were amplified with
different primers (e.g., in E. grandis the pair K9_884/3
and K19 448/3 on group 4). For this category of
tightly linked markers in repulsion no DNA hybrid-
ization experiments were carried out. Functionally, as
pointed out originally by WiLLiams et al. (1990) such
pairs of markers could also be used as a single codomi-
nant marker. Overall, however, the frequency of truly
codominant and functionally codominant RAPD
markers for the Eucalyptus species surveyed remains
below 3%.

Survey of the presence and allelic state of RAPD mark-
ers in different individuals: A subset of markers from
the E. grandis clone 44 map were surveyed for their
presence and allelic state in a second individual tree of
the same species (E. grandis 816/2) by analyzing their
segregation in a second F; progeny set involving 816/2
as a parent. From a total of 112 RAPD markers surveyed,
37 (33%) were found to amplify in the second tree. Of
these, 20 were also in a heterozygous state and segre-
gated 1:1 in the F;, while 17 were homozygous, i.e., did
not segregate. DNA hybridization experiments were car-
ried out for 5 markers that were not shared (Figure 6,
panel A), and 10 that were shared confirming the ho-
mology (Figure 6, panels B and C). Only one marker of
the ones tested was found to be misinterpreted, i.e., the
RAPD bands were scored as being the same but in fact
were not homologous. This was a relatively large (1500

bp) fragment. Misinterpretations of this kind are more
likely for larger fragments that are not as efficiently size
fractionated as smaller fragments. In carrying out this
kind of RAPD marker survey we found it imperative to
run the gels until the dye marker has run for at least
15 cm, to minimize errors resulting from co-migrating
fragments.

For E. urophylla, after surveying 34 randomly chosen
RAPD markers, it was found that all of them were
present in what was thought to be a different individual
of the same species. Moreover, all the markers surveyed
also segregated in the second F, progeny. The possibility
that the same E. urophylla clone 28 had actually been
used as the male parent in the second cross was tested
and confirmed. A subset of five markers that were not
recombinationally separated in a locus cluster on group
5 (defined by marker U13_350/2) and a second subset
of four markers in a locus cluster on group 8 (defined
by marker M4 _477/2) were surveyed for linkage on a set
of 16 progenies. All the markers were found to be
present and no recombinants were found. Further DNA
hybridization experiments also confirmed that in fact
the same E. urophyllia (clone 28) had been used as the
male parentin both crosses (datanotshown). Thisresult
did not allow us to explore the extent of conservation of
RAPD markers in different individuals of E. urophylla,
however it was useful to confirm the stable behavior of
RAPD markers in terms of segregation and linkage re-
lationships in a second cross involving the same indi-
vidual tree.

Characterization of genomic sequence complexity of
RAPD marker loci: Over 50% of the 48 RAPD fragments
surveyed were found to amplify from low copy genomic
regions (1-10 copies) and less than 10% originated from
very highly repeated regions (<1000 copies). Approxi-
mately equal frequencies (~20%) were found for frag-
ments amplified from moderately repeated (10-100)
and highly repeated regions (100 to 1000) (Figure 7,
panels A and B). Similar estimates of genomic sequence
complexity of RAPD marker loci was observed in soy-
bean (WILLIAMS ef al. 1990) and Arabidopsis (REITER
et al. 1992). Based on 48 data points, a simple correla-
tion analysis was carried out between the following vari-
ables: RAPD fragment size in base pairs, amplification
intensity score and copy number class. The results were
as follows: fragment size X intensity score r = 0.25; frag-
ment size X copy number r = 0.04; intensity score X
copy number r = 0.18. In conclusion, no significant cor-
relation (@ = 0.05) was found for any of the three pair-
wise analyses, suggesting no particular dependency of
the fragment size or amplification efficiency of RAPD
marker loci on the complexity of the genomic region
sampled.

It is important to point out that the sample of RAPD
fragments surveyed in this experiment are not randomly
chosen RAPD fragments, rather they correspond to a
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FIGURE 7.—Characterization of genomic sequence complex-
ity of mapped RAPD marker loci. (A) Top horizontal dot blot
corresponds to a control blot with a reconstruction experi-
ment where signals indicate a sequence represented by (1) 1
copy; (2) 10 copies; (3) 100 copies; (4) 1000 copies (see
MATERIALS AND METHODS for details). Vertical dot blots and cor-
responding EcoRI Southern blots show RAPD fragments clas-
sified in the following copy number classes: (1) low copy (1-10
copies); (2) moderately repetitive (10-100 copies); (3) highly
repetitive (100-1000 copies) and (4) very highly repetitive
(>1000 copies). Dots contain (a) negative control, 5 pg herring
sperm DNA; (b) 5 pg Eucalyptus genomic DNA; (c) 0.5 pg; (d)
0.05 pg. (B) Frequency histogram of genome complexity
classes of mapped RAPD markers based on a sample of 48
RAPD markers. Numbers on x-axis correspond to the same
copy number classes described above.

subset of fragments that behave as genetic markers, map
to a single location and therefore originate from a
unique site in the genome. WOLFF et al. (1993) found
that 48% of random PstI genomic clones of E. grandis
and E. urophylla were useful as RFLP probes. In our
study we found that 53% of the mapped RAPD frag-
ments amplified from low copy regions and could po-
tentially be used as RFLP probes. These results indicate
that the genomic library of mapped RAPD fragments,
obtained in Eucalyptus as a byproduct of this mapping
experiment, closely resembles a genomic library of
RFLP probes constructed by the traditional approach.

DISCUSSION

Pseudo-testcross mapping strategy using RAPD mark-
ers: We have used a “pseudo-testcross” mapping strat-
egy in combination with the RAPD assay to construct the
first reported linkage maps for species of Eucalyptus. In
a cross between heterozygous parents, many single-dose
polymorphic markers will be heterozygous in one par-
ent, nullin the other and therefore segregate 1:1 in their
progeny as in a testcross. We use the name “pseudo-
testcross” for this strategy because the testcross mating
configuration of the markers is not known a priori as in

a conventional testcross where the tester is homozygous
recessive for the locus of interest. Rather, the configu-
ration is inferred a posteriori after analyzing the parental
origin and genetic segregation of the marker in the
progeny of a cross between highly heterozygous parents
with no prior genetic information. When this inference
is done for both parents involved in the cross, the term
“two-way pseudo-testcross” is more appropriately used.

RITTER et al. (1990) described the theoretical back-
ground for linkage analysis of markers segregating in
crosses between heterozygous parents. As mentioned in
that work, map construction in allogamous plant species
for which only heterozygous individuals are available
can make use of single-dose polymorphic markers be-
having as dominant markers in an F|, segregating 1:1 for
the presence or absence of the fragment. These markers
were used for genetic mapping in potato (BONIERBALE
et al. 1988; GEBHARDT et al. 1989), and recently allowed
genetic mapping in polyploid sugar cane (Wu et al.
1992; DASILVA et al. 1993; SOBRAL and HONEYcUTT 1993;
AL-JANABI et al. 1993). We and others observed this same
mating configuration when analyzing genetic segregation
of RAPD markers in F, crosses of forest and fruit trees, and
suggested its wide applicability for genetic mapping in this
group of highly heterozygous largely undomesticated spe-
cies (CARLSON et al. 1991; GRATTAPAGLIA et al. 1992a; Roy et al.
1992; LAWSON et al. 1992).

The pseudo-testcross mapping strategy is conceptu-
ally simple to implement and can be applied with any
type of molecular marker. However its potential can be
better explored with the efficiency of the RAPD assay in
pre-screening marker polymophisms in search of the in-
formative testcross configurations. The fact that the
RAPD assay is sensitive to single base changes, contrib-
utes to a higher efficiency in scanning the genomes for
polymorphisms. Moreover, the fact that RAPD detects
only one allele at a locus facilitates the occurrence of
pseudo-testcross configurations, because the necessary
null genotype of one of the parents actually corresponds
to undetected alleles. In addition to that, the RAPD assay
is technically simple and fast to perform facilitating the
initial screening step. Following our screening proce-
dure in Eucalyptus, 36 arbitrary primers could be easily
screened in a single working day, yielding an estimated
1.82 markers/primer, i.e., 65 markers from both parents
taken together. Finally, the segregation ratio observed
for a dominant RAPD marker in this configuration has
the same information content as that of a codominant
marker. Evidently, a highly polymorphic, multiallelic
marker that detected all four allelic variants of the
mating configuration (e.g., sequence tagged micro-
satellite site), would contain more genetic informa-
tion (MORGANTE and OLIVIERI 1993).

The use of RAPD markers in a pseudo-testcross con-
figuration is a general strategy for the construction of
genetic linkage maps in outbred forest trees as well as in
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any highly heterozygous living organisms. It can be im-
mediately applied to any species without any prior ge-
netic information. The only requirements are sexual re-
production between two individuals that results in the
generation of a progeny large enough to allow the es-
timation of recombination frequencies between segre-
gating markers. Its efficiency will be directly propor-
tional to the level of genetic heterozygosity of the species
under study, which is a function of the mating system,
and the genetic divergence between the individuals
crossed. In our study we employed an interspecific cross
between highly heterozygous individuals from two
closely related outcrossing species, thus increasing the
probability of finding pseudo-testcross marker configu-
rations. We found only 11 markers heterozygous in both
parents thus segregating 3:1 compared to 558 markers
in a testcross configuration, segregating 1:1.

The pseudo-testcross strategy should also be efficient
at the intraspecific level and increasingly so with crosses
of genetically divergent individuals from geographically
distinct origins. In a survey of 112 mapped markers, we
found that only 33% were shared between two individu-
als of the same species and different provenances. We
suggest that at the intraspecific level, the mapping ef-
ficiency of the pseudo-testcross strategy, measured by
the number of informative markers/arbitrary primer
should reach between 60 and 70% of the one reported
in this study, that is, ~2.4 instead of 3.69 markers/
selected primer. With individuals from the same popu-
lation, this number will tend to be lower, as more mark-
ers will be shared. In a group of 38 heterozygous clones
of Solanum tuberosum the informativeness of RFLP
probes for direct segregation analysis in F, populations
varied from 49 to 95%, indicating that linkage mapping
using F; progeny should be feasible for most combina-
tions (GEBHARDT et al. 1989). Testcross RAPD marker
configurations were often observed at the intraspecific
level in other highly heterozygous forest tree species,
however, no estimates of frequencies per arbitrary
primer were given (CARLSON et al. 1991; Roy et al. 1992).

The pseudo-testcross strategy basically extends the
haploid mapping approach used for conifers, to any
other angiosperm tree species. The final result is essen-
tially the same, i.e., linkage maps for individual trees;
however, it requires performing a controlled cross. On
the other hand it is more time and cost efficient since
gametic segregation from two individuals or twice the
heterozygosity is surveyed simultaneously in the same
PCR reaction, both in the primer screening and in the
mapping phase. Therefore, even in conifers, the
pseudo-testcross could potentially be the mapping strat-
egy of choice for quickly generating single-tree linkage
maps.

Genetic linkage maps of single individuals: The ge-
netic linkage maps constructed in this study (Figures 3
and 4) are individual-specific. The pseudo-testcross

strategy is specifically based on the selection of single-
dose markers present in one parent and absent in the
other. In our maps, no RAPD markers are in common
and so it is not possible to determine homologies of
linkage groups in the two maps or integrate the two
maps into one. Overlap of RAPD marker occurrence
and linkage relationships in genetic maps of different
individuals will depend on the presence of the same
RAPD marker loci and their allelic state. While at the
interspecific level, the overlap will be very low, at the
intraspecific level, it will be increasingly high as indi-
viduals from the same population are used. In this study
we found that 33% of the mapped markers in E. grandis
were present in a second individual of the same species
but from a very distinct origin, and 54% of those were
also in a heterozygous state. Indirect evidence for the
occurrence of the same RAPD markers across different
individuals of the same population come also from stud-
ies that employed RAPD markers to estimate outcrossing
rates in stands of E. urophylla (GRATTAPAGLIA et al.
1992a) and Datisca glomerata (FRiTsCH and RIESEBERG
1992).

To integrate linkage maps constructed by the pseudo-
testcross strategy, multiallelic codominant markers with
alleles segregating from both parents would be most ef-
ficient, providing a set of common loci which could be
used as locus bridges. In this study, 11 dominant RAPD
markers were shared by the parents and could in prin-
ciple be used to assign linkage groups homologies be-
tween the two maps. However, due to the low informa-
tion content of the mixed mating configuration, a larger
sample size would be necessary to achieve adequate
power to accomplish such assignment. More than 50%
of the RAPD fragments mapped in this study are low
copy and could potentially be used to detect codomi-
nant RFLPs. Although such markers could be helpful in
connecting linkage groups, a complete map merging
would still be fairly difficult to achieve, since correct lo-
cus ordering among the markers not in common be-
tween homologous linkage groups would not be known
(B. H. Ly, personal communication). Statistical inte-
gration of mapping data from different populations of
Arabidopsis was shown to be problematic, especially in
regions containing low densities of common markers
between maps (HAUGE et al. 1993). As mentioned ear-
lier, multiallelic markers such as microsatellites would
be very powerful and desirable for this purpose. In the
context of the breeding applications envisaged for these
linkage maps in forest tree breeding, map merging is not
immediately necessary, but it will become important in
subsequent generations of breeding and selection (see
discussion below).

No morphological traits or other single gene traits
that could potentially be placed on these maps, segre-
gated in the population used for map construction. To
our knowledge no simply inherited traits are presently
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known in Eucalyptus that could be placed on any genetic
map, with the exception of isozyme loci. The same
screening procedure with parents and a subset of prog-
eny could be used for mapping isozymes loci. Informa-
tive configurations of isozymes genotypes in the parents
would result in either 1:1 or 1:2:1 segregation ratios in
the F,, and mapping of the isozyme locus could be
achieved in only one or both maps respectively. The ex-
isting RAPD linkage maps provide a scaffold where even
distant linkage relationships of isozymes could be de-
termined. On the other hand, isozyme loci would pro-
vide anchor loci for single-tree map comparisons and
merging.

We obtained equivalent genome coverages on the two
maps in spite of different estimates of total map dis-
tances. This suggests that the difference in total map
distance observed between the two species and sexes are
biologically significant. However no distinction is pos-
sible at this point between a species specific, sex specific
or individual specific difference in genetic recombina-
tion. If applied within species, however, the pseudo-
testcross strategy should provide a valuable tool to study
specific differences in general recombination rate. Ge-
nome sizes estimated in our study are well within the
range of several other species (listed by NODARI et al.
1993). However, genome coverages found in our
study are slightly higher than those found in other
maps. A good comparative example in this respect is
common bean, that has genome characteristics simi-
lar to eucalypts (» = 11 chromosomes; genome size
around 600 Mbp). Approximately 80% of the genome
could be covered with a framework map of 145 RFLP
loci (VALLEJOSAMA et al. 1992). Besides intrinsic bio-
logical differences in levels of DNA polymorphism
and rates of recombination, one of the possible rea-
sons for the observed difference in genome coverage
could be the result of a more efficient genome sam-
pling by RAPD markers as compared to the RFLP tech-
nique, particularly for genomic regions rich in repeti-
tive DNA.

Framework maps at a likelihood ratio support
=1000:1 were constructed (Figures 3 and 4). This pre-
sentation of the data is convenient for selecting a subset
of evenly spaced framework markers to initially scan the
genome for quantitative trait locus (QTL) mapping. Re-
cent simulation studies have shown that wide marker spac-
ings of 20 or even 50 cM are optimal for this task (DaRvasI
et al. 1993). A more focused search for the exact position
of QTLs can then be done with the available nearby ac-
cessory markers. If more markers are still needed in a re-
gion of interest, genetic walking based on genotype pool-
ing techniques could be used (MICHELMORE et al 1991;
GIOVANNONI et al. 1991; REITER et al. 1992).

Toward marker assisted breeding strategies in forest
trees: It has been long recognized that one of the prob-
lems facing marker assisted breeding in outbred species

such as forest trees is the linkage equilibrium between
marker loci and genetic loci of interest (SOLLER 1978;
BECKMANN and SOLLER 1983; NEALE and WILLIAMS 1991;
LANDE and THoMPSON 1990; STrAUSS ¢f al. 1992). With
linkage equilibrium, marker-trait associations estab-
lished in one cross, would not hold in a second pedigree,
since marker and QTL alleles would be randomly asso-
ciated. As pointed out earlier, one solution would be to
construct maps for each genotype in the breeding popu-
lation (NEALE and WILLIAMS 1991; GRATTAPAGLIA et al.
1992b). This was considered a task that depended on
significant advances in the ability to obtain marker data.
The RAPD technology provided this advance by allowing
the construction of a 200 marker linkage map in Pinus
taeda in 6 person-months of work (GRATTAPAGLIA et al.
1991). In this study, with the pseudo-testcross strategy
and RAPD markers we constructed two linkage maps
simultaneously in approximately 5 person-months of
work.

The ability to construct genetic linkage maps quickly
in any forest tree opens the way to the heterodox pro-
posal of constructing maps for individual trees in a
breeding population. The paradigm of an index linkage
map for a species is an attractive one for comparative
mapping applications. However it does not seem ad-
equate as the initial approach for establishing marker/
traits associations for breeding in allogamous popula-
tions with a wide genetic base such as those of forest
trees. Rather, the progressive accumulation of indi-
vidual linkage maps with subsets of common markers
among them will make obvious the relationships of link-
age groups in different maps. This will eventually lead to
a unified map where general regions associated with
trait expression could be identified. Multiallelic codomi-
nant markers such as microsatellites would then be
highly desirable specifically bracketing such regions to
facilitate their manipulation in breeding. Although such
“population level” or general QTLs should exist, their
relative importance in the overall level of genetic varia-
tion in quantitative traits in forest trees is still unclear.
The identification and manipulation of QTLs specific to
individual trees might emerge as being more important
for the advancement of quantitative traits by marker as-
sisted breeding.

Based on the proposal of individual-specific linkage
maps, the integration of mapping information into tree
breeding programs would involve four basic steps,
briefly: (1) construction of moderate density individual
tree maps for elite genotypes, in a two-by-two fashion
using the “two-way pseudo-testcross” strategy; (2) local-
ization of favorable alleles at qualitative and quantitative
trait loci of interest on these maps, by analyzing the per-
formance of an extended set of the full-sib family used
for map construction. This extended set of progeny
would be initially genotyped only for a subset of evenly
spaced framework markers, followed by a finer search
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with accessory markers in regions of interest. Alterna-
tively half-sib families of the mapped individuals could
also be used for this purpose. In this step, retrospective
QTL analysis using existing full and half-sib families at
harvest age would be highly preferable in order to
gather the necessary quantitative data in acceptable
time. Power and precision in QTL mapping would be
greatly enhanced by using large family block plantations
(>1000 individuals) and clonal replication of genotypes
when possible; (3) validation of marker-trait associations
by replication and prediction experiments; (4) marker
assisted selection of progeny, or retrospective selection
of parents for planned recombination in subsequent
generations of breeding. Given that close linkages are
established in the mapping phase, the decay of marker-
trait associations with time, would not be of immediate
concern in the context of the long generations of tree
breeding.
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